During gradual speed changes, humans exhibit a sudden discontinuous switch from walking to 37 running at a specific speed, and it has been suggested that different gaits may be associated with 38 different functioning of neuronal networks. Here we recorded the EMG activity of leg muscles at 39 slow increments and decrements in treadmill belt speed and at different levels of body weight 40 unloading. In contrast to normal walking at 1 g, at lower levels of simulated gravity (<0.4 g) the 41 transition between walking and running was generally gradual, without systematic abrupt 42 changes in either intensity or timing of EMG patterns. This phenomenon depended to a limited 43 extent on the gravity simulation technique, though the exact level of the appearance of smooth 44 transitions (0.4-0.6 g) tended to be lower for the vertical than for the tilted body weight support 45 system. Furthermore, simulations performed with a half-center oscillator neuromechanical model 46
Introduction 59 60
Gait transitions are usually characterized by a discontinuous switch that occurs at some point 61 while varying the speed of progression and it has been discussed whether different gaits may be 62 associated with specific neuronal networks (Orlovsky et al. 1999; Collins 2003) or different 63 motor programs (Cappellini et al. 2006) . Even though the transition may be initiated at different 64 instants of the gait cycle depending on condition, the stride prior to the transition resembles the 65 original gait pattern, while the stride following the transition resembles the new gait pattern 66 (Hreljac et al. 2007 ). Gradual gait transitions may occur in some animal species, e.g., in birds 67 (Gatesy and Biewener 1991; Rubenson et al. 2004) or elephants (Ren and Hutchinson 2008) , still 68 it is not clear whether they are associated with abrupt or smooth changes in the muscle activity 69 pattern. Moreover, distinct spinal interneurons could drive slow and fast speeds of locomotion 70 (McLean and Fetcho 2009) . Experiments performed on quadrupedal animals showed that 71 increasing the strength of stimulation of the mesencephalic locomotor region increases the speed 72 of forward progression until the level of stimulation at which the gait changes from out-of-phase 73 coordination (walk or trot) to in-phase coordination (run or gallop) (Shik et al. 1966; Jordan 74 1991; Mori et al. 1996) . This transition typically occurs as an abrupt switch from one gait to 75 another. 76
Gait transitions can be determined by sensory feedback or some critical parameters such 77 as a critical velocity of ankle flexion (Hreljac 1995; Neptune and Sasaki 2005; Barlett and Kram 78 2008) , a critical angle between the thighs (Minetti et al. 1994) or an exagerrated 'sense of effort' 79 due to the exaggerated swing-related activation of leg muscles (Prilutsky and Gregor 2001) that 80 might reset central pattern generators (CPG) for different gaits and appropriate locomotor cycle 81 phase durations (Yakovenko et al. 2005) . From the neuronal control perspective, one functional 82 benefit of modulating the CPG frequency with sensory feedback is that it enables a system to5 walking and running when the speed of a treadmill was slowly increased or decreased under 110 body weight unloading conditions using two different simulated gravity approaches. 
Experimental set-up 122
We simulated low-gravity conditions in the laboratory by applying either a nearly 123 constant upward force to the trunk of subjects walking on a treadmill (vertical BWS system 124 (Ivanenko et al. 2002) ) or by tilting a stepping exoskeleton relative to the vertical (tilting BWS 125 system (Ivanenko et al. 2011)) (Fig. 1) . 126
Vertical body weight support (Fig. 1A ) was obtained by supporting the subjects in a 127 harness connected to a pneumatic device that applied a controlled upward force independent of 128 the position of the center of body mass, thus simulating a reduced-gravity environment 129 (Ivanenko et al. 2002) . The BWS mechanism (WARD system, Gazzani et al. 2000 ; Gravano et 130 6 the subject's height. The overall constant error in the force applied to a subject and dynamic 136 force fluctuations monitored by the load cell have been estimated to be less than 5% of body 137 weight (Gazzani et al. 2000) . As a result, each supporting limb experienced a simulated reduction 138 of gravity proportional to the applied force, while the swinging limb experienced 1g. Five 139 different BWS levels were used: 7 (Pluto), 16 (Moon), 38 (Mars), 60 and 100% of body weight 140 (100% corresponds to the normal 1 g condition). The experiments were carried out on a treadmill 141 (EN-Mill 3446.527, Bonte Zwolle BV, The Netherlands). 142
The tilting body weight support system (Fig. 1B) was constructed to simulate more 143 realistic effects of gravity changes on both the stance and swing leg (Italian patent 144 #Rm2007A000489) (Ivanenko et al. 2011) . The subjects lay on their right side with both legs 145 suspended in the exoskeleton, allowing low-friction joint rotation due to bearing junctions. The 146 length of the telescopic thigh segment of the exoskeleton was adjusted according to the subject's 147 thigh length and the leg was attached (fastened by a cuff) to the exoskeleton so as to provide the 148 best alignment of the axes of rotation of the hip and knee joints with those of the exoskeleton. 149
The foot segment remained unrestrained in air. The angle between the two legs can also be 150 slightly adjusted by tilting the structure maintaining the upper exoskeleton relative to the couch 151 in order to provide a comfortable step width. When the subject is lying on the tilted device the 152 upper body of the subject is secured through a chest and shoulder fixation, the head being placed 153 on the pillow roller. Tilted BWS more realistically simulates the downward force acting on both 154 the COM and swinging limbs but prevents arm oscillations, adds inertia (15 kg chassis and 3 kg 155 exoskeleton) and may limit trunk movements in the anterior-posterior direction. The construction 156 of the tilting BWS system is based on the idea of neutralizing the component of the gravity force7 of the supporting chassis over two parallel tracks formed by a steel beam. Even though anterior-162 posterior trunk movements are limited, the hip support can slide along the anterior-posterior 163 guides of the couch thus allowing pelvis rotations. Three different BWS levels were used: 7, 16 164 and 38% of body weight. The larger tilts could not be obtained due to limitations of the system. 165
The subjects participated in two separate sessions. In one session, they walked on a 166 treadmill using the vertical BWS system. In another session, they walked on the treadmill using 167 the tilting BWS system. We investigated changes in the gait parameters and the natural walk-to-168 run and run-to-walk transition speeds for each subject during slow increments and decrements in 169 the treadmill speed between 0.5-1 and 5-10 km/h depending on condition (ramp speed condition, 170 acceleration and deceleration was set to 0.05 km/h per second). A 5-10 min training period of 171 walking at different constant speeds (1, 2, 3, 4, 5 and 6 km/h, in a random order) was allowed for 172 each simulated reduced gravity level before the actual data collection was begun. The ramp 173 speed condition was performed one time at each gravity level with a rest period of 3-5 min 174 between the trials. The order of conditions was randomized across subjects. The total duration of 175 each experimental session was ~1-2 h. 176
177

Data recording 178
We recorded kinematic data bilaterally at 100 Hz by means of the Vicon-612 system 179 (Oxford, UK) with nine cameras spaced around the walkway. Infrared reflective markers 180 (diameter 1.4 cm) were attached on each side of the subject to the skin overlying the following 181 landmarks: greater trochanter (GT), lateral femur epicondyle (LE), lateral malleolus (LM), heel 182 (HE), and fifth metatarso-phalangeal joint (VM). For the tilting BWS system, the GT marker of 183 the right side of the body could not be recorded (since the subject lay on the right side). The GT 184
and LE landmarks of the left leg were recorded by attaching the 20 cm sticks with two markers 185 to the appropriate joint and the GT and LE positions were reconstructed as a midpoint between 186 these two markers. impractical to reliably identify a single peak of activity in the majority of muscles at low gravity 207 levels (e.g., see Fig. 2D ). Therefore, the CoA can only be considered as a qualitative parameter 208
because averaging between distinct foci of activity (for instance, there might be more than one 209 peak of activity in some muscles, especially at lower gravity levels) may lead to misleading 210 activity in the intermediate zone. Nevertheless, while the absolute position of the CoA could beabruptness/smoothness of gait transition. 213
The key parameters that may discriminate human walking and running were analyzed: 214 the presence of an aerial phase (relative stance/swing phase duration) and stance-limb 215 touchdown angle (Lee and Farley, 1998) . Gait transitions were defined during both ascending 216 and descending portions of the treadmill speed ramp condition when the swing phase duration of 217 either leg exceeded (walk-to-run, W-R) or was below (run-to-walk, R-W) 50% of the gait cycle, 218
i.e., when duty factor (the fraction of the stride duration at which one foot is in contact with the 219 ground) became <0.5 (run) or >0.5 (walk), respectively. The stride of the leg in which the swing 220 phase first exceeded 50% gait cycle is referred to as stride "0" (Fig. 2) . The stride "0" represents 221 a transition stride (e.g., it was typically characterized by an intermediate shift in the timing of 222 distal muscle activity, Fig. 2B ) so that we analyzed the data from the contralateral leg to describe 223 variations in the gait parameters at W-R and R-W transitions (between strides "+1" and "-1"). 224
The EMG (intensity and CoA) and kinematic (stance phase duration and limb angle at 225 touchdown) data were fitted with a second order polynomial during walking and running periods 226 of the trial (Fig. 1C) , similar to data fitting over speeds used by Rubenson et al. (2004) . Then we 227 computed the difference in the fitted parameters between the stride "+1" and "-1" (Fig. 1C) Nevertheless, despite some interindividual differences in the EMG patterns (Fig. 4 ) no obvious 257 abrupt changes occurred in simulated reduced gravity either at W-R or R-W transitions (Fig. 3A) . 258 after the transition for both tilting and vertical BWS systems in all subjects. While the absolute 260 position of the CoA could be misleading for some muscles (e.g., due to double-bursting muscles, 261 Dietz et al. 1994; Ivanenko et al. 2002; Fig. 4) , its change at gait transitions captured the 262 abruptness/smoothness of gait transition (Fig. 5) . To diminish the effect of 'natural' step-by-stepthe trial and then we computed the difference in the fitted parameters between the stride before 266 and after the transition (see Methods). For the tilting BWS system, these changes were not 267 significantly different from zero (one-tailed t-tests, p>0.05) for all simulated gravity levels ( Fig.  268 5A). Similar tendencies were observed for the stance phase duration and limb angle at 269 touchdown ( Fig. 5B,D) . For the vertical BWS system, transitions were also generally smooth at 270 low gravity levels (≤0.38 g) while at 0.6 g several muscles (Sol, LG, TA and Vmed) showed 271 significant changes just as the kinematic parameters (stance duration and limb angle at touch 272 down). Even at the 0.38 g level, there were some values that diverged significantly from zero for 273 the vertical BWS system (Fig 5D) . 274
During normal gravity conditions (1 g), changes in the intensity of EMG activity were 275 less prominent than those in the EMG timing (Fig. 5C ). Interestingly, there were significant 276 differences between 'synergistic' extensor muscles. Sol activity tended to decrease at W-R 277 transitions while LG activity increased (and vice versa at R-W transitions) while the CoA in 278 these two muscles varied in parallel (Fig. 5C ). Nevertheless, overall changes in the motor 279 patterns were abrupt at 1 g. Furthermore, at higher gravity levels (>0.38 g), the CoA of most 280 muscles (except for TA) tended to decrease at W-R and increase at R-W transitions (Fig. 5C ), 281 suggesting a positive correlation with changes in the stance phase duration. We plotted the results 282 of the linear regression analysis in Fig. 6 . The Sol and LG CoA demonstrated increments 283 proportionate to those in the stance phase duration (the regression slope was close to 1). Changes 284 in the CoA of RF, Vmed and TA muscles also tended to correlate with those in the stance phase 285 duration, however, the slope was notably less than 1 (between -0.28 and 0.57, Fig. 6 right 286 panels). BF and ST timing did not show any systematic relationship (Fig. 6 , left upper plot) 287 likely because their changes were not significantly different from zero at gait transitions at all 288 gravity levels (Fig. 5C ). On the whole, gait transitions were abrupt at 1 g and changes in the12 timing of EMG activity were associated with changes in the relative stance phase duration. At 290 low gravity levels, neither kinematics nor EMG patterns showed any systematic adjustments 291 (Fig. 3-5) . 292
While this behaviour was similar for the two BWS systems, the exact level of gravity at 293 which transition becomes smooth could differ slightly. The abruptness of gait transitions (even 294 though evident by 'naked' eye) could be somewhat masked by the inter-stride variability in gait 295 parameters (Fig. 7A) . The transition was considered as being abrupt when the change in the 296 swing phase duration (when exceeding 50% of the gait cycle) exceeded 2 SD of the step-by-step 297 variability. Using this criterion, abrupt transitions with the vertical BWS system were observed 298 in 2 subjects at 0.38 g, while with the tilting BWS systems they were gradual at this gravity level 299 in all subjects (Fig. 7B) . At 0.6 g, only two subjects showed smooth walk-run and run-walk 300 transitions (Fig. 7B) . Smooth gait transitions at 0.38 g in all subjects when using the tilted BWS 301 system could be probably due to the more realistic effects of gravity changes on the swing leg 302 and to the slower swing phase (Ivanenko et al. 2011) . 303
Finally, to provide clues regarding covariation of locomotor cycle and phase-durations 304 with speed of locomotion we implemented a simple half-center CPG oscillator model ( phase durations co-vary in an orderly way, as shown by the monotonic decrements of the phase 312 duration plots with speed (Fig. 8B) . However, these simulations revealed clear differences in the 313 parameters of the model for human walking and running depending on the gravity level. At low 314 gravity levels, the parameters of the model were similar for the two gaits (Fig. 8B, left walk-run transition (Kram et al. 1997; Ivanenko et al. 2011) and by a lack of abrupt changes in 327 EMG parameters (Fig. 3) . Thus, we accept the hypothesis of the neuromechanical tuning of the 328 same CPG circuitry of the two human gaits under low gravity conditions or at least an overlap in 329 the functioning of walking and running neuronal circuits. This effect did not significantly depend 330 on the gravity simulation technique (Fig. 5) and was likely related to the reduction in the 331 gravitational force acting on the COM. The main findings can be schematically represented in 332 Fig. 7C . 333
334
Gait transitions at 1 g 335
Why is the transition abrupt at 1 g? Even though the transition from walking to running is 336 related to metabolic energy expenditure (Saibene and Minetti 2003) and the two gaits are usually 337 adopted at different speeds of locomotion (with a transition at ~7 km/h), it is unlikely that the 338 metabolic cost is the only determinant of the 'abruptness' of gait transitions (theoretically, the 339 transition can be abrupt whatever its cost is). Furthermore, whenever the transition may occurin reduced gravity, the timing and intensity of EMG patterns are similar for walking and running 343 strides near the transition points (Fig. 3-5) . 344
The abrupt switch in the motor pattern during normal conditions may highlight the 345 occurence of increased instabilities near switching points (Collins, 2003) instance, the leg is less extended during stance (the knee is slightly flexed), and the ankle is still 377 continuing to plantarflex after swing is initiated (Fig. 2D) , so that the instant of the 'true' start of 378 the swing phase may perhaps be questioned. Also, an abrupt switch from an inverted-pendulum 379 gait (walking) to a bouncing gait (running) may occur at a different stance/swing proportion 380 (Rubenson et al. 2004 ). We analyzed several key kinematic parameters that are typically used to 381 discriminate walking and running gaits: the presence of an aerial phase (relative swing phase 382 duration), stance-limb touchdown angle (Lee and Farley 1998), and vertical COM motion 383 (Alexander 1989; Saibene and Minetti 2003; Rubenson et al. 2004) . It is worth stressing that 384 whatever the parameter was analysed, they showed gradual changes with speed (Ivanenko et al. 385 2011) and a lack of systematic abrupt changes in the EMG and kinematic patterns (Fig. 3-5) . 386
Interestingly, the smoothness of gait transitions is accompanied by a gradual shift from inverted 387 pendulum gait to bouncing gait, resulting in a "paradoxical" inverted-pendulum running in the 388 vicinity of R-W and W-R transitions (Ivanenko et al. 2011) . 389
The present findings on gradual gait transitions at low gravity may question a separate 390 organization of locomotor motor programs for walking and running, or at least they should be 391 able to support a continuous shift in the active state of the spinal circuitry. Despite non-linearitieswith gait-specific oscillatory behaviour of the center of the total motoneuron activity in the 395 lumbosacral enlargement (Cappellini et al. 2010) . In view of gradual EMG variation (Fig. 3, 5 ) 396 one might also expect a continuous shift in the spinal motor output characteristics from walking 397 to running in reduced gravity. Although the data presented here cannot directly reveal the nature 398 of the neural circuits involved, they are consistent with the idea that a common CPG governs 399 locomotion in different conditions (Lamb and Yang 2000; Zehr 2005) . 400
Furthermore, simulations performed with a half-center oscillator neuromechanical model 401 (Yakovenko et al. 2005) showed that the abruptness of motor patterns at 1 g could be predicted 402 from the parameters anchored already in the normal range of walking and running speeds ( remains uncertain whether resetting of the model parameters for different gaits is associated with 410 different neuronal networks or it operates on the same neuronal circuitry. In this respect, gradual 411 transitions (Fig. 3A ) and similar neuromechanical model parameters for walking to running (Fig.  412   8 ) at low gravity levels may rather support the second hypothesis. 413
It is possible that when faced with a very different walking situation, the default running 414 is similar to walking, but if subjects had much more practice with a lower gravity condition, they 415 may have adopted walking and running patterns that are more different between each other. This 416 explanation, however, does not contradict the reported finding that a continuous shift in the 417 active state of the spinal circuitry can be used for transitions between different gaits. 418
In sum, we found no discrete changes in either EMG phasing patterns or the temporal 419 parameters of stepping as the velocity of stepping was changed gradually under body weight 420 unloading. Whatever the nature of smooth gait transitions, a lack of discontinuous changes with 421 locomotion speed in a hypogravity environment supports the idea of a continuous shift in the 422 state of the spinal circuitry rather than a separate set of central pattern generators for each 423 distinct gait (Pribe et al. 1997; Lamb and Yang 2000; Ijspeert et al. 2007 transitions at different simulated reduced gravity levels in two subjects. The format is similar to 586 that of Fig. 2 (black curves -walking strides, gray curves -running strides). The scale for each 587 EMG plot is indicated (in µV). Note that despite interindividual differences in the EMG patterns, 588 at low gravity levels there were no evident abrupt changes in the EMG patterns at gait 589 transitions. Subject 1 demonstrated smooth gait transitions at all gravity levels (except for 1 g), 590
while subject 2 showed an abrupt transition at 0.6 g. 591 
